A purebred female Beagle dog that had received 2,000 R of protracted wholebody y-irradiation from ' %o when 14 months old had hematologic changes consistent with a myeloproliferative disorder 3 years after the termination of radiation exposure. Peripheral blood and bone marrow findings during the 7-month period before death showed progressive anemia with increased numbers of platelets; immature granulocytes, monocytes and promonocytes. A period of partial remission occurred during which time the peripheral blood was aleukemic, although there was marked thrombocytosis and abnormal erythropoiesis which was evidenced by bizarre circulating nucleated red cells, anisocytosis, poikilocytosis and Howell-Jolly bodies. The dog had a terminal crisis with marked leukocytosis, most cells in the peripheral blood being bizarre monocytes and promonocytes. Tissues obtained at necropsy showed diffuse as well as focal infiltration of the spleen, liver, lymph nodes, heart, kidney and gastrointestinal wall with immature neoplastic cells resembling monocytes and monocytic precursors. The monocytic differentiation of the invasive cell population was confirmed by morphological, cytochemical, histological, ultrastructural and in vitro cell culture studies.
Monocytic leukemia is included among the myeloproliferative disorders [4] . Classically, this disease in man has been subdivided into two distinct forms: Naegeli, or myelomonocytic, having morphological characteristics of both granulocytic and monocytic cell involvement; and Schilling, or "pure" monocytic leukemia. The few cases of monocytic leukemia described in the dog have not allowed the development of a specific nomenclature and classification of the disease in this species. Because the case described herein closely resembled the disease in man, we chose to apply the same criteria to describe it in the dog. Recent proposals for the classification of the acute leukemias in man [I] define six main types of myeloid leukemia with both myelomonocytic and monocytic leukemia being distinct morphological entities.
The monocytic type occurs in two subtypes: poorly differentiated, or monoblastic, with few promonocytes; and differentiated, with monoblasts, promonocytes and monocytes in the peripheral blood and bone marrow. The proportion of monocytes is higher in the peripheral blood than in the bone marrow, where the predominant cell is the promonocyte. In both subtypes, a minor part of the mamow may be granulocytic, but is rarely greater than 10% of the total cell population.
The nonlymphocytic myeloproliferative disorders, particularly of the "pure" monocytic type, are rare in domestic animals. Only seven cases of this type have been described in the dog [lo, 11, 13, 181 . Our case fulfills the morphological and cytochemical requirements to be classified as acute monocytic leukemia, differentiated type.
Materials and Methods
A 14-month-old purebred female Beagle was placed in a standard-sized (0.7 1 X 0.7 1 X 0.71 meter) fiberglass cage and placed in a 60cobalt irradiation facility capable of delivering doses of 5 to 35 R/day. The cage was placed at a distance from the source selected so that the dog received 17 R/22-hour exposure day [ 151. The dog remained in the irradiation facility for 117 days (2,000 R total whole-body accumulation) and was then returned to the kennel area and watched for late effects.
Blood samples for clinical chemistry and hematology were collected via jugular venipuncture, into either plain vacuum tubes or tubes containing dipotassium ethylenediamine tetraacetate. Bone marrow was obtained under general anesthesia (sodium thiamylal, Park Davis, Detroit) from the iliac crest. A 20 gauge 38-millimeter spinal needle was used. Complete hemograms and serum chemistry profiles were obtained I ) before irradiation (three of each, to establish baseline data); 2) at 14-day intervals throughout the irradiation period and for about 8 months after the termination of irradiation; and 3) at 42-day intervals thereafter, or as often as clinically indicated.
Twelve standard serum chemistry assays were done. Erythrocyte and leukocyte counts were done electronically. Packed cell volumes were determined by the microhematocrit method. Hemoglobin was measured spectrophotometrically as cyanmethemoglobin at 540 nanometers. Platelets were enumerated with phase contrast optics. Peripheral blood, buffy coat and bone marrow films were stained by standard methods with Wright-Giemsa, peroxidase, Sudan black B, periodic acid-Schiff (PAS), and naphthol-AS-D acetate esterase with and without sodium fluoride.
Tissues obtained at necropsy were fixed and prepared for light microscopy by standard paraffii procedures. Tissues for electron microscopy were futed in chilled 2.5% glutaraldehyde in 0.1 mol/l phosphate buffer, pH 7.25. Later fixation, dehydration, embedding and sectioning were done with standard procedures. Sections were stained with uranyl acetate-lead citrate and coated with evaporated carbon and were examined with transmission and scanning electron miscoscopes.
Peripheral blood buffy coat cells, bone marrow and spleen cells were maintained in RPMI-1640 tissue culture media with 50% heat inactivated fetal calf serum, plus penicillin (100 IU/ml) and streptomycin (100 pg/ml).
Results

Clinical course and hematology
During the irradiation period, leukopenia ( 1,400/mm3) and thrombocytopenia (4,000/mm3) developed; however, the red cell count was not significantly depressed (6.28 x lO''/l). The leukopenia and thrombocytopenia persisted for about 100 days after irradiation at which time a severe anemia (RBC = 1.57 x 10'*/1) associated with hemorrhagic enteritis occurred. Kaobiotic@ (Upjohn, Kalamazoo) and tetracycline hydrochloride were given orally and the red cell count, leukocyte and platelet values recovered slowly over a 7-month period to pre-irradiation baseline values. After the return to baselme hematologic values, the dog remained clinically normal for 24 months when moderate anemia was detected on routine hematologic sampling. Clinical examination, serum chemistry assays and exploratory laparotomy did not reveal the cause of the hematologic change. At this time (7 months before death) a myeloproliferative disorder was suspected and was confirmed by bone marrow biopsy. The dog's general condition and appearance remained good until a week or so before death when she became depressed and anemic and had episodes of vomiting. When it was apparent that the dog was near death, she was killed and a necropsy done.
Hematologic changes at the time a diagnosis of myeloproliferative disease was made included increased numbers of immature granulocytes and monocytes and occasional promonocytes. Anisocytosis, poikilocytosis, polychromatophilia, giant platelets and circulating nucleated red blood cells were also seen in peripheral blood films. Bone marrow biopsy showed erythroid hypoplasia, increased myeloid cellularity and increased numbers of both mature and immature monocytes.
Peripheral blood and bone marrow findings for the 7-month period from initial diagnosis of myeloproliferative disease to death are given (table I, 11). In the following discussion, as in the tables, all times are given in number of days before death.
The changes in the peripheral blood for the 3-month period after the diagnosis of myeloproliferative disease were suggestive of granulocytic leukemia with monocytosis. There was a progressive, slowly developing anemia with moderate leukocytosis and increasing numbers of platelets. The differential leukocyte count showed a persistent shift to more immature granulocytes, with monocytosis, and occasional promonocytes and monoblasts.
The bone marrow 204 days before death showed a moderate increase in immature granulocytes with increased numbers of monocytes, promonocytes and monoblasts. The slight increase in the myeloid/erythroid ratio (M:E) was caused by erythroid hypoplasia rather than a granulocytic hyperplasia.
Peripheral blood findings 113 days before death showed what seemed to be a spontaneous remission of the anemic response. The red cell count, packed cell volume and hemoglobin values were increased from the previous count (day 134). The total leukocyte count was normal and, although the differential leukocyte count still showed increased numbers of band neutrophils and an occasional promonocyte and monoblast, the absolute numbers of granulocytes and lymphocytes were approaching normal values. The platelet count was still very high.
A bone marrow biopsy 108 days before death showed increased numbers of mature and immature monocytes, and a slight increase in megakaryocytes; the granulocytes, however, seemed normal. The M:E ratio was within the normal range, and increased erythroid activity was evidenced microscopically by increased numbers of basophilic erythroblasts, an increased erythroid mitotic index, and increased numbers of circulating nucleated red blood cells. The peripheral blood reticulocyte count was 5.2%.
For about the next 2 months, the dog continued to show increasing red blood cell, packed cell volume and hemoglobin values, with a normal total leukocyte count, although a shift to immature granulocytes was still evident from the peripheral blood differential count. On day 59 before death, the absolute monocyte count was normal and immature monocytes were not seen either in peripheral blood or buffy coat films. Abnormal erythropoiesis was evidenced by the increased numbers of bizarre nu- cleated red blood cells, anisocytosis, poikilocytosis, target cells and occasional Howell-Jolly bodies. Other abnormalities included many pyknotic small lymphocytes, agranularity of the neutrophils, cytoplasmic vacuolation of the monocytes, cytoplasmic fragments and giant platelets. The platelet count (day 59) was 2.0% 10'*/1.
Four days before death, the dog was anemic, lethargic, and seemed to be entering a terminal leukemic crisis. The peripheral blood differential count showed a slight increase in immature granulocytes and an absolute monocytosis. The appearance of most monocytes was bizarre, with lobed, folded and segmented nuclei, cytoplasmic vacuolation and asynchronous nuclear/cytoplasmic maturation.
Peripheral blood findings just before the dog was killed showed marked anemia, leukocytosis and an absolute monocytosis (88,346/mm3). Most cells were atypical. Monoblasts also were seen in peripheral blood films. The platelet count was normal although there were bizarre giant platelets. 
Necropsy findings
At necropsy the dog was pale, but fairly well fleshed (exsanguinated weight 11.3 kilograms). The spleen was twice normal size, pulpy and had myriads of 1-to 2millimeter glistening white nodules throughout the parenchyma. All lymph nodes were white and moist on section, and, with the exception of the mesenteric lymph nodes, which were two times normal size, were not enlarged. The femurs, humeri and ribs had diffuse hypercellularity of the bone marrow. The marrow was tan, moist and pulpy, and filled the medullary area; little of the usual normal fat remained. The liver was slightly enlarged and pale. There were a few pale yellow focal areas, 1 to 3 millimeters in diameter, on both the capsular and cut surface. The kidneys were pale, and the cortical, medullary and pelvic details were greatly accentuated. There was extensive mottling and white streaking of the epicardium of the right ventricle and endocardium of the left ventricle with the mottling extending into the subjacent musculature.
Histological fmdings
The normal architecture of the spleen was largely replaced by masses of immature monocytes. There were many megakaryocytes as well as many mitotic figures (fig.  1 ). Touch imprints showed the white nodules noted grossly to be areas of pure monocytic infiltration; most cells were monoblasts and promonocytes. There were occasional nucleated red cells and increased numbers of plasma cells. Very few lymphoid cells were present.
All lymph nodes showed diffuse infiltration with leukemic cells. There were also increased numbers of plasma cells, many megakaryocytes, and mitotic figures. Erythrophagocytosis also was seen. Touch impressions showed infiltration with many immature monocytes. Many large eosinophilic cells were throughout the mesenteric lymph nodes.
Bone marrow imprints from the femurs, humeri and ribs showed cellular hyperplasia with very little normal fat ( fig. 2 ). Most cells were monoblasts and promonocytes. There were so few erythroid and granulocytic cells that a meaningful M:E ratio could not be obtained. A few eosinophilic bands and mature neutrophils were present as well as an occasional plasma cell and megakaryocyte.
The liver sinusoids and perivascular areas were diffusely infiltrated with leukemic monocytes. There were focal areas of monocytic cell infiltration with compression of the surrounding tissue. Mitotic figures occurred throughout the parenchyma. Large numbers of monoblasts and promonocytes, as well as occasional nucleated red blood cells, plasma cells and debris-laden macrophages, were seen in liver impressions. The kidneys showed diffuse as well as focal infiltration with monocytic precursors and moderate numbers of plasma cells throughout the interstitial tissue. Hyalinized glomerular tufts and hyaline casts also were seen.
The heart had hyaline degeneration of the papillary muscle. Both the right and left ventricular myocardium were diffusely infiltrated with leukemic cells. The chamber blood contained abundant neoplastic cells. Many round to oval cells resembling immature monocytes, with vacuolated cytoplasm and an absence of cytoplasmic granules, were in the touch imprints.
Leukemic cell characteristics
Most cells in Wright-Giemsa stained films of peripheral blood and bone marrow were identified morphologically as monocytes and monocytic precursors. In peripheral blood films, the cells were large, with pale, blue-gray cytoplasm, fine azurophilic cytoplasmic granules and varying numbers of cytoplasmic vacuoles. The nuclear chromatin was lacy and meshlike, and showed diffuse chromatin condensation. The nuclear shape was highly variable, and included reniform, lobed, round, oval and segmented forms ( fig. 3 ). The bone marrow cells were less differentiated, and resembled monoblasts and promonocytes, being large cells with blue-gray cytoplasm which stained more basophilic than the peripheral blood monocytes. Most cells had an indented, reniform, or oval, nucleus with a reticular chromatin pattern and one to four prominent nucleoli.
The predominant cell type seen in the peripheral blood and bone marrow was Sudan black and peroxidase negative. Most cells were PAS-positive with diffuse, fine to coarse granules throughout the cytoplasm. About 10% of the cells had aggregated blocks or rings of PAS-positive material in the cytoplasm. Naphthol-AS-D acetate esterase staining showed an extremely weak reaction product occurring as diffuse blue granules throughout both the cytoplasm and nucleus of the granulocytes and monocytic cells. Sodium fluoride inhibited the reaction in the monocytic cells. There was fairly strong naphthol-AS-D acetate esterase reaction product in the canine platelets.
In v i m tissue cultures of peripheral blood buffy coat, bone marrow and spleen cells showed most cells after 7, 10 and 18 days resembled macrophages and monocytic precursors. They were large, round cells with voluminous cytoplasm, round, oval, or horseshoe-shaped nuclei and delicate lacy nuclear chromatin ( fig. 4) . The cytoplasmic membrane was irregular, often with pseudopodia. The cytoplasm contained numerous vacuoles and, in some cells, contained basophilic inclusions.
The invasive leukemic cell clearly had the ultrastructural features of the monocytic cell line. The invasive cell was fairly large (about 10 micrometers) and pleomorphic ( fig. 5) . It had a lower than normal (relative to stage of development) nuclear/cytoplasmic volume ratio. The nucleus was deeply invaginated and lobed. A Fig. 3 Terminal peripheral blood buffy coat. Variation in nuclear shape, diffuse nuclear chromatin pattern and ground grass-like cytoplasm with vacuoles. Wright-Giemsa. Fig. 4 : Eighteen-day culture of bone marrow cells. Cells resemble macrophages. Irregular plasma membrane, delicate nuclear chromatin, folded nuclei, cytoplasmic vacuolation and cytoplasmic inclusions. Wright-Giemsa. broad band of condensed chromatin bordered the nuclear membrane. Adjacent to the nuclear indentations was a prominent Golgi apparatus. The rest of the cytoplasm had small mitochrondria of various shapes, strands of rough endoplasmic reticulum, free ribosomes, and a few small membrane-bound electron-dense granules. There were a number of aberrant cytologic features that generally characterize leukemic cells. These included an increased frequency of nuclear pockets, bundles of perinuclear microfilaments and generalized noncorrespondence of nuclear and cytoplasmic differentiation.
Leukemic cells maintained in tissue culture had cytologic features similar to those of cells derived from leukemic tissues at necropsy except for voluminous vacuolization of the cytoplasm. By scanning electron microscopy, the monocytic nature of the neoplastic cells was evident from the pseudopodial extensions formed as the monocytes spread on glass coverslips. 
Discussion
Monocytic leukemia and related nonlymphocytic myeloproliferative disorders similar to those seen in man are rare in most domestic animals [14] . Our case was induced by y irradiation and was the only monocytic leukemia occurring in 24 leukemias diagnosed in our study to determine the effects of protracted whole-body y irradiation in dogs. Of these 24 cases, five were diagnosed as erythroleukemia [20, 221, and 18 as granulocytic leukemia [7, 20] . Although the 24th case, described herein, was clinically similar to the others, it was unique in that thrombocytopenia was not a terminal finding. There was a period of partial "remission" that terminated as an acute "crisis" with 92% of the invasive cell population being monocytes, monoblasts and promonocytes.
The most common course of the leukemias in our study was, first, a "preleukemic" oscillation of the platelet values (19 of 24 cases), often with numerous giant platelets, followed by a leukoerythroblastic blood picture and platelet values that progressively increased until 4 to 6 months before death and then declined to severely thrombocytopenic values. The progressive increase in platelet numbers was believed caused by a generalized stimulation of myelopoiesis because the increase closely paralleled the increase in absolute numbers of granulocytes.
When we first made the diagnosis of myeloproliferative disorder, the peripheral blood and bone marrow findings suggested granulocytic leukemia with monocytosis, although there were a few immature monocytes. Although this type of blood picture closely resembles a leukemoid reaction, clinical findings, serum chemistry, and laparotomy did not show any gross or occult lesion to cause such a reaction. During the period of partial "remission" (day 113 to 59 before death) the platelet number continued to increase, rather than drop, although the absolute granulocyte count, including immature forms, was not increasing.
The reason for the continuing production of platelets without an increased absolute granulocyte count is not clear. The only marrow biopsy obtained during this period (day 108) showed a slight increase in megakaryocytes, normal granulocytic cells, and increased numbers of mature and immature monocytes. Extramedullary megakaryocytopoiesis and platelet release may partially explain the marked thrombocytosis during the 5-month period before death because histological sections showed many megakaryocytes in both the spleen and lymph nodes. A bone marrow biopsy obtained closer to day 59 might have shown hyperplasia and ensuing blast crisis, with cell maturation defects as seen in terminal imprints. Such maturation defects and associated defective cell release mechanisms are common in acute leukemia [9] and might explain the subleukemic blood picture on day 59 and day 4.
The change in the red blood cell count, leukocyte count, platelet count and leukocyte differential over the last 4 days of life probably represents both the crowding out of erythroid and platelet precursor cells by proliferating neoplastic cells and also an abnormal cell release and delivery mechanism, which suddenly released many immature cells into the peripheral blood. This sudden change in the peripheral blood picture is often seen in leukemia in man in which a blood picture that has seemed aleukemic for months suddenly becomes leukemic without much change in the bone marrow [9] . These rapid changes indicate that the peripheral blood picture does not always reflect the proliferative status of the neoplastic tissue and that there may be in leukemia a pathogenetic mechanism that results in widely differing peripheral blood pictures in the same patient at different times.
As seen with Wright-Giemsa stain the morphological characteristics of the predominant neoplastic cell indicated that most resembled monocytes and monocytic precursors. In human and canine myeloproliferative disorders, there are occasional difficulties in differentiating pure monocytic leukemia from the myelomonocytic type based on Wright-Giemsa staining alone [6, 171. In acute leukemias of man, a correct differential diagnosis usually can be made with Sudan black, peroxidase and PAS staining as well as naphthol-AS-D acetate esterase, with and without sodium fluoride. In our case, the predominant cell population was both Sudan black and peroxidase negative, as common in acute monocytic leukemia in man [ 1, 2, 5, 81 . Although most canine leukemic cells did show diffuse PAS-positive granularity, about 10% contained aggregated blocks or rings of PAS-positive material. This cytochemical pattern has been said to be characteristic of acute lymphoblastic leukemia, but recently has been reported to be frequent in acute monocytic leukemia of man [2] . The naphthol-AS-D acetate esterase reaction, although positive, was so weak that the diagnostic value of this cytochemical technique in differentiating the canine leukemias is questionable.
In our case, the morphological [l, 10, 11, 18, 191, cytochemical[2, 5, 8, 211 , in uitro culture characteristics [lo] , and ultrastructural observations [3, 10, 12, 16, 211 were identical with those seen in similar studies in both human acute monocytic leukemia and one case of canine monocytic leukemia [lo] .
